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INTRODUCTION

Concrete develope tension cracke as a result of minute flaws that
are inherent in its nature. This is one of the things we tske for
Rranted when we design structures of concrete. We have developed methods
to overcome the iuss of tensile resistance, such as adding st:el bars
to the tensile purtion of a beam, or prestressing the entire member.
Little, however, has been done to the concrete mix to minimize the effect
of the microcracks.

In 1962, at Cernegie Institute of Technology, a method of arresting
these cracks was developed by placing short lengths of randomly spaced
fine wire* within the concrete mix itself(l’2‘3). Successful studies
of the functicn of the fibers as crack arrestors have been carried out
using a fracture mechanics approach. The results of these studies in-
dicate that (1) the fibers increase the tensile strength of tha coiucrete
by as much as 100 per cent for static loading, and (2) the material
exhibits considerable post-cracking strength. These two effects increase

the ability of the material to absorv energy and suggest a study of the
materiul’s resistance to impulsive or biast loading.

This report describes such an investigation of the effect of a de-
structive impulse load upon fiber reinforced concrete beams. The data

presented is compared to identical plain beams similarly tested®®,

%  Randomly spaced fine wire shall be referred to as "fibver reinforcement”
or "fivers" in this report.

#%  Concrete beams without fiber reinforcement will be referred to as
"plain beams" in this report. In each case, hovever, conventional
steel reinforcement is placed in the tensile zone of the bean.




A suitable apparatus was developed to apply & known impulsive load
to the s t & high rate of speed. The data were recorcded by util-
izing oscilloscopes, high speed motion pictures and & specially designed

deflection recording device.

EQUIPMENT AND INSTRUMENTATION

Testing Apparatus

The dynamic testing machine is patterﬁed after one previously
used at Carn~gie Inustitute of Technology(h’S). The machine is a spring
loading device capable of applying a maximum force of 24,000 pounds to
the specimen. Fig. 1 indicates essential details of the apparatus. An
18 WF 77 is located on the laboratory floor with its web in a horizontal
plane. Holes, 2 inches in diameter, are cut into the web on 40 inch
centers symmetrically about the mid-span of the beam. Square holes,

8 inches on a side, are located in the concrete floor directly below the
2 inch diameter holes and two close-coil helical springs are inserted
through the holes to bear against the web of the base beam. These
springs are 5-1/2 inches outside diameter, 45 inches long, and each has
a spring constant of approximately 1,250 pounds per inch. The springs
are encased in 6 inch diameter tubes that are belted to the underside of
the web of the base Leam. The tubes a~t as guides for the springs. Rods
extend through the middle of the springs and the holes in the base beanm.
Plates are attached to the bottom of the rods to act as supports for the
springs. A needle bean is attached to the uprer end of the rods as
indicated in Fig. 1. The needle beam serves to transfer the load from

the springs to the test specimen at the desired loading points. Plates
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rods. The needle beam is guided in e vertical plane between two channels
to inture that the needle besm remains in the vertical plane of the test
specimen,

The concrete test beam is supported by twe reaction cells, 63 inches
center-to~-center, that are connected to the top of the vertical support
columns., The columns are braced by angles fixed to the flange of the
column and the web of the base bean,

The reactior cells (Fig. 2) coﬁsist of 9 inch lengths of O inch
diameter double extra strong steel pipe welded to base plates. The base
plates are clamped to flat plates welded to the top of the support columns.
Only one reaction cell is instrumented to record vertical load.

The load is‘applied to the specimen at the third points by rods act-
ing through two load cells. One load cell is instrumented to record the
variation of load with time; the other is used as & trigger for the
oscilloscope. The recording load cell is the same one used successfully

(k) and Wadlin(S). A complete description of the cell is found

by Stewart
in their reports. The cell consists of a 9 inch length of double extra
strong 6 inch diameter pipe. The pipe is cut longitudinally and a 1)-1/2
inch by 1/2 inch steel plate is welded into the cut. Two 6 inch long,

2 inch dismeter pipes are welded to the e¢nds of the plates through which
the loading rcds from the needle beam pass. The loading rods are bolted
in place against the 2 inch diameter pipes. Fig. 3 shows a photograph

of the recording load cell.
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The other iloading cell contains the mechanism for the oscilloscope
triggar. The cell consists of a piezoelectric crystal mounted in a
bearing that protects the crystal during iesting (Fig. 4).

Zach load cell is connected to the needle beam by two rods. The
upper ends of the rods are attached to the cell in the manner shown in
Figs. 3 and 4. The lower end of the rods are attached to the inside of
a b inch diameter pipe that formed a part of a yoke around the needle
beamn.

To activate the machine the springs are compressed against the
web of the base beam by raising the needle beam with two hydraulic Jacks.
When the needle beam is at the proper height, determined by a strain
reading taken on the spring rodsc, a 20 ton railroad quick action track
Jack is inserted betwveen the needle heam and the base beam. The load is
then transferred from the hydraulic jacks to the track jask. The loading
cells are properly positioned on the specimen and the connecting rods
tightened. The hyraulic jJacks are removed and wood blocking inserted
in their place to stop the travel of the needle beam after the specimen
is destroyed. When the trigger on the track jack is released the load
from the springs is transferred to the specimen at a rapid rate.

The machine is versatile in that the loading magnitude can bhe
varied by changing the height of che needle beam aand/or changing the
position of the loading cells. For teats reported in this report, only
third point loading was used. Fig. 5 shows typical views before and

after a test.
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Instrumentation

Recording of Data: - Data from the dynamic tests are obtained from three

sources:
1. Measurements of load and reaction from oscilloscope signals.
2. Review of the high speed camera film.
3. Measurements of deflection by a rotating drum deflection re~order

placed at the third point (losding point).

Load and Reaction: - In the earlier stages of the investigation an attempt
was made to measure loads and reactions using piezoelectric crystals.

This method was asbandoned after it was found to be unsatisfactory. A ring
type load cell, described earlier, was used in its place. The crystal

wvas retained, however, for the oscilloscope trigger signsal.

The recording load cell, as previously mentioned, was used success-
fully before and is shown in Fig. 3. The cell is sliced into three
segments so that the strain in any one zection is increased if the load
is entirely in that section. In this study, the center section is always
used. Strain gages (Budd C-~1kl foil gages)are mounted on the outside of
the cell to form a four arm Wheatstone bridge circuit. One gage is placed
on each of the opposite ends of & horizontal diameter of the c(ell, in the
tensile zone, and two gages placed in & similar manner on opposite sides
of a vertical diameter, in the compression zone. The gages are connected
to an Ellis BAM-1 Bridge Amplifier which, in turn, is connected to a
channel of & Tektronix 502-A Duul Beam Oscilloscope. The Wheatstone
bridge circuit is balenced by adjustment of the amplifier. When loed

is applied the bridge is unbalanced and registers on the oscilloscope.
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The magnitude of the bridge unbalance indicates the amount of load
applied to the cell.

The reaction cell functiong “he same as the load cell., The
reaction cell lias strain gages placed on the inside and outside of the
cell in the tensile ard compressive zones (Fig. 2). The gages are vwired
into a Wheatstone bridge circuit connected to another BAM-1 amplifier
and the other channel of the oscilloscope. Fig. 6 shows the schematic
viring diagram for both load and reaction.

The BAM-1 bridge amplifier is a useful part of the instrumentation.
Not only does it =sunply power to the bridge and amplify the resulting
sishal, but it has a built-in circuit which permits one to calibrate the
cells without removing them from the dynamic testing machine.

The trigger for the oscilloscope is aqpivated by ‘voltage originating
froam the piezoelectric crystal when the load is applied. This voltage
is sent to the external trigger channel of the oscilloscope trigger sys-
tem and causcs the dual beans to sweep. The beams are set to swoep one
time at the raie of 25 millisec/cm. These traces are photographed by a
Polaroid camera mounted on the face of the oscilloscope with an gpen

shutter.

High Speed Camera: - A Kodak 16 mm high speed camera with an f 2.0 high

speed lens was placed 35 feet from the plane of the specimen to photo-
graph the action of the beam during dynamic testing. Originally the
camera was only intended to p;ovide a pictorial record of the action of

the beams; howevcr, it was later used to obtuin an estimate of the angular

" rotation of the beams. A horizontal black line i8 marked on “he side

of the specimens and changes in rotation are measured with reference to
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this line. Figs. 7, 8, 9, 10, 11 and 12 show typical views of beams during
s test, The film, DuPont 931..A Rapid Reversal, is set to run in the
camera at approximately 1,000 frames/sec. At this rate of film speed it

ir necessary to place ten 500 watt photoflcod lights U feet from the

plane of the specimen for proper illumination.

Deflections: -~ Deflections are recorded only at the location of the load

cell. Having the load and dcflection at this point makes it possible to
calculate the energy input to the team. The deflection recorder consists
of a 6 inch diameter aluminum drum rotating sbout a vertical axis with

a known constant velocity. The drum is placed above the specimen. The
upper end of a rod protruding from the beam is atteched to a apring loaded
pencil scriber fitted with a bdall and socket joint. The pencil scriber

is guided to move in a verticel path. The lower end of the scriber rod

is attached to a wooden block that had beei: previously glued to the side
of the specimen. By this c-nnection, actual beam defelctions are measured

directly on the drum. Fig. 13 shows a picture of the device.

Concrete Beam Specimens: -~ The bulk of this report deals with the results

obtained from the third of three series of beams. The beams of the first
and second series were used to perfect the instrumentation and observe
the behavior of the specimens in order to improve design of the final
test beams. The beams of the first series were reinforced solely with

Ne. 6 bars and minimal diagonal tension reinforcement. The tests on these
beams indicated that the effect of changing the size of the reinforcement

should be investigated. Thia was done in the third series and is reported

in what follows.
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The concrete specimens used in all tests were T2 inches long,

L inches wide, 6 inches deep and supported on a clear span of 63 inches.

There was a total of 20 beams cast; 10 fiber reinforced and 10 plain.
All beams had tensile reinforcemént. Six were reinforced with one No. 5
bar, eight reinforced with one No. 6 bar, and six reinforced with a No. 7
bar. All reinforcement was intermediate grade except one No. T bar which
was A 432-59T hard grade reinforcement. All plain beams had diagonal
tension reinforcement consisting of No. 3 bars at 2 inch centers. The
diagonal tension reinforcement for the plain beams is shown in Fig. 1k.
Fig. 15 shows pertinent details of a beam. Seven of the fiber reinforced
heams had diagonal tension reinforcement of No. 3 bars spaced at 6 inches.
The remaining three fiber reinforced peams haéd no conventional diagonal
tension reinforcement.

The beams were cast in groups '+ four and six using gang forms.
Ingredients for the mix were 2.45 parts sand, 1.0 part cement and 0.55 parts
water by veight and 2 per cent fiber by vclume for the i1iber reinforced
beams. River sand was used as the only aggregate. The sand was dried
and sifted through a screen that would pass particles smaller than 0.05
inches.

The steel fibers used in these studies were 0.5 inch lengths of
0.006 diameter brass coated cold drawn wire. The wire was supplied by the
National Standard Company of Niles, Michigan.

The concrete was mixed in a 3 cubic foot rotary drum mixer. The
plain beams were mixed in the conventional fashion, poured irnto the forms
end vidbrated with an electric immersicn-type vibrator. The fiber reinforced

beams had to be poured using the following method. The sand and cement
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were mixed dry in the mixer after which about 80 per cent of the water

was added. This made a rather fluid mortar mix. The wires were then added
by sifting them through a sieve with 1 inch openings. The wires were added
in intervels, sllowing each interval to mix thoroughly before the next
batch of wires was added. As the wires were being added the remaining

20 per cent of the water wes added to keep the mix sufficiently fluid.
After the wires were in and mixed thoroughly, the concrete was poured into
the forms and vibrated as befcre. All beams were stripped of their forms
after 24 hours and placed in & moisture room for a 28 day moist cure.

Fig. 16 shows typical compression siress-strain curves for plain and fiber

concrete after a 28 day moist cure.

TEST PROGRAM AND PROCEDURES

Testing Program

Identical specimens of plain concrete and fiber reinforced concrete
vere tested at the same dynamic load. Static tests were performed on
identical apecimens as a comparison.Table I summarizes the beams and the
type of test performed on them. All dynamic tests were performed with

an initial total spring load of 14,000 pounds.

Test Procedure

The sequence of operations for a dynamic test is as foilows:

1. Load and reaction reccrding cells are checked to insure all bridge
circuits are functioning properly.

2. The reaction cells are secured on the support columns.

3. The specimen is placed on the reaction cells.
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the initial zero load readings are taken from strain gages on the
spring rods.

The hydrsulic jacks are inserted and the needle beam raised to its
proper height.

The track Jack is centered and the load transferred from the hydraulic
Jacks to the traqk Jack.

The load cells are positioned on the specimen and the rods connecting
the cells to the needle beam are tightened.

The pencil scriber is positioned and the rod of the scriber attached

to the wooden block on the specimen.

The proper settings are made on the oscilloscope (intensity, sweep rate,

ete.)

The track Jack trigger is set and wood blocking put into place.

This blocking is positioned to permit a defiection of 6 inches before
the needle beanm would be stopped.

The bridge circuits were balenced.

On the given signal, the iights, high speed camera, and deflection
recorder are started.

After 25 feet of film passes through the high speed camera, a circuit
breaker in the camera sets off a flash bulb that is visible to the
opersator of the track Jack., The flash is the signal for the Jack
cperator to pull the trigger lever. The delay between the start of
the camera and the flash is about 1 second. This time delay is
necessary to pernit the zamera to xzach a constant speed of about

1,000 frames/sec.
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14, When the track jJack is triggerasd, the springs expanded and applied
the load to the specimen. All of the action recorded is within

C.1 second.

ANALYSIS OF DATA

Load and Reaction as s Function of Time

The variations of load and reaction with time is shown in Figs. 17
to 25. These figures were obtained from the Polaroid photographic record
and scaled to the size shown by use of a pantograph. It is seen from
these figures that, in general, for beams made of the same type of concrete,
the initial behavior is essentially the same regardless of the size of
reinforcement. By examining the curves for sll the beams, one observes
that the initial maximum load was reached in about 0.005 to 0.008 seconds,
after vhich the load decreased as the beam responded. Also to be noted is
the smaller peak that occurs at about 0.003 seconds. At this time the
load is about 3,000 pounds and then drops off slightly. This smaller
peak is due to the beam accelerating away from the load that has just come
on to the beam. The load, however, catches up with the beam and is again
increased.

By comparing beams reinfcrced with the same size of bar, but made
of different concrete, it is seen that the behavicr of the load is about
the same for the first 0.020 to 0.025 seconds. After this time, the plain
beams fail in compression and all load is lost (see Figs. 26a, b, c).

The fiber reinforced beams on the other hand, continue to support the load,

executing diminishing oscillations, until the beam stops at some final
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residual loed. The significance of this result is that the internal resist-
ing capacity of the fiber beams is higher than that of the plain beams,
evidenced by the fact that the fiper beams were able to stop the motion
of the load. The fiber beams, even though danaged considerably, were sble
to maintain their structural integrity (Figs. 2Ta, b, ¢). For a summary
of residual loads, see Table II.

The reactions varied essentially in the same manner as the loads.

() ana waa1sal5

It wes reported by Stewart that during the initial phase
of the loading there was a significant difference between the magnitude of
the lcad and reaction due to the beam's acceleration. This diff.cence is
due to the inertia of the beam. In this testing program a great difference
between load and reaction was not observed. This can be attributed to the
fact that the mass of the specimens in this program is considerably smaller

than the mass of specimens used in the Stewart and Wadlin programs.

Deflection versus Time

The variations of deflection at a load point as a function of time
is shown in Figs. 28 to 32. It can be seen from these graphs that, in
general, the deflections were the same for the first 0.005 seconds for
beams reinforced with the same size bar. At this time the peak load was
applied to the membter. After the load reached its peak value, however,
deflections begin to differ. In every case the deflections of the plain
beams continue to increase, while the fiber beam deflections cease at
a final static deflection. This behavior demonstrates that the fiber beams
are able to absorb all the kinetic energy of the beam and bring its motion

to rest.
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Load versus Deflection

The load~deflection curves, Fips. 33 to L7, have been plotted for
veams tested both dynamically and staticslly. All Veams not destroyed in
the dynamic tests were statically tested to destruction. The static tests
were all conducted with third point loading. The ares under these curves
{5 & measure ol the work done on the beam during the test. Table IiI
summarizes the work done up to a deflection of 5 inches at the third point.
This deflection was chosen because it was the maximum deflection of beam 25F
which was used as a reference. From the tabulation, it is seen that the
work done on the fiber reinforced beams significantly exceeds the work

done on the plain beams.

Btatic Tests

One of the most significant resulte of the testing was obtained from
the static bend tests. After the dynamic tests were concluded, two fiber
reinforeced beams reinforced with a No. 5 intermediate grade steel bar,
25F and 15FS, were placed in a universal testing machinc and statically tested.
As the load was applied, and the reinforcing bar strained past its yield
point, large cracks were opened in the tensile side of the beam but there
vas no sign of an ensuing compressive failure in the top of the beam (Fig. L8).
The load was continuously applied until the reinforeing bar broke, leaving
the concrete in the compression zone intact. Thi: same behavior was also
duplicated with one of the fiber reinforced beams reinforced with a No. 6
intermediate grade ber aid a fiber beam, tested only statically, reinforced
with a No. 5 intermediate grade bar. 7This behavior is in ccatrast to that

of plain concrete beams. WYWren the steel yields in e plein concrete beanm,
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the stresses in the compression zone increase to the ultimate value for
the concrete and the compression zone crushes out of the beam. However,
with the fiber beams, even though the stresses are again iricreased to
the maximum value as in the plain concrete (assuming the same compressive
strength for both concretes), the fiber concrete will continue to support
this stress and not crush out of the beam. The concrete, by remaining in
place, provides a fulcrum around which the reinforcing steel can be .ntin-
uously strained to a higher level. Fig. U9 shows photograph of the broken
bar in beam 25F.

It was not possible to break any additional reinforcing bvars, but
it was observed that even when the compression zone failed, it was a
gradual yielding and not a sudden movement. This trend can be seen on the
load deflection curves where the loads on the fiber reinforced heam are
seen generally to gradually decrease as the deflection is increased.

As further eveidence that the fiber reinforced concrete beams would
permit higher steel strains, s fiber reinforced beam wes cast with one No. T,
A 432-597 reinforeing bar. The yield point for this bar was 69.5 ksi as
determined from a tensile coupon test., Fig. 50 is the A 432-59T stress-
strain diagram and a typical intermediate reinforcing bar stress-strain
diagram. The beam was testi:d dynamically in the same manner as all other
beams and later statically testea to destruction. The results of these
tests are shown in Fig. 53, which is a plot of moment versus rotation.
‘the values of ¢ were obtained from the high speed camera record by pro-
Jecting the film on to a large screen and measuring the change in angle

made between two tangents of a reference line painted on the beam.

el




We see that the beam supported a maximum moment of 238 inch-kips. It
was observed during tbe static tests that the compression zone in the
iatter suages of loading wes approximately 1.75 inches deep. Using this
value, and assuming the compressive stress distributed uniformly over
this depth, one can calculate the stress in the reinforcing bar by
considering the internsl couple, i.e., (Refer to Fig. 51)

M=T.X

therefore,

T = M/x = 238/b.02 = 59.25, . . . (1)

£, = T/A, = 59.2/0.6 = 98.5%5% > gg.5%81, | | . (2)
Therefore, to sustain this moment the reinforcing bar is stressed well
beyond its yield point. The maximum ultimate moment of e similarly

designed plain beam can be calculated from the ACI(6) equation

M, = s[ba° £ all -0.59 ). . .. (3)
for
. ksi
£, = 8,000, ¢ = 0.9, £ = T0°**, a = 4,90, and b = 4.0
AL
qQ= EE—;;;-- 0.262

substituting, we find

M = 155 inca kips
Therefore, the maximum moment a.plain beam could support would be 155 in ° kips,
much less than the 238 in ° kips of the fiber reinforced beam.

To evaluate the effectiveness of the fiber reinforced concrete one

can calculate the amount of steel necessary to sustain a 238“‘"k moment
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in a plala beam. Solving Equation (3) for A, it is founé that the reguired
steel area is 1.90 1n2. This is more than thiee times the steel ares

(0.6 ina) used in the fiber reinforced beam.

Moment-Rotation Relatioaship

Cu-ves of mcment versus rotation (Figs. 52-37) were plotted to obtain
a measure of the amount of energy absorbed by the specimens. The areas
under these curves is a measure of the energy absorbed by the beams. The
energy was measured up to & total angle change of 0.460 radians, the value
at vhich the bar in Test 25F broke. Table IV summarizes the data. From
the vaiues shown in the tabulation it is seen that for beams reinforced
with the same size bar, the fiber reinforced beams absorb more energy

than the beams using plain concrete.

The Effect of Shear

It was mentioned earlier that the first two casts of specimens were
made with a minimum amount of shear or diagonal tension reinforcement.
Those of the firét cast had no shear reinforcement and those of the second
cast had No. 3 bars spaced at 6 inches. Whes these specimens were tested
dynamically, all of the plein beams failed in shear, as expected, but
none of the fiber beams. Close examination of the fiber beams showed
very few shear cracks present while the specimen carried its residual load.
The fiber beams of the third cast were then designed with some beams
having shear reinforcement and others without shear reinforcement. The
specimens were tested and no shear failures were observed. As an estimate

of the average shearing stress resisted by a specimen, consider Beam 17F.

S v -
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The maximum shearing load was 8,750 pounds. Therefore, the average shear

shress is given by

P 8
t's‘a"my%gy-hhhpai...w (4)

The maximum shearing stress was actually 1.5 times this value, or 666 pounds
per square inch. The resistance of such a high shearing force is attributed
to the increase in tensile strength of the concrete mede possible by the
addition of the steel fibers. The addition of shear reinforcement, however,
did somevhat reduce the residual deflections of the fiber reinforced beams.

Table V summarizes the final deflections for the dynamic tests.

DISCUSSION

The dynamic and static behavior of singly reinforced beams made
with steel fiber reinforced concrete is markedly different than the behavior
conventionally reinforced beams. The primary difference is in the ability
of the fiber reinforced beam to resist high shear stresses without cracking
(without the aid of conventional shear reinforcement) and the extent to
which the compression zone remains intact through large angular distortions.

The latter attribute is of essential significance. To the author's
knowledge, there have been no recorded instances where a steel bar, in a
singly reinforced concrete beam of normal dimensions, has broken. The
usual behevior--for under and over reinforced beams--is a breasking up,
into fairly large pieces, of the compression concrete zone long before the
steel bar could bz strained to its breeking point.

This behavior is particularly significant when one considers the

history of the engineering opinions regarding blast-resistant design. In

-
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the earlier days it was assumed that high strength {hard grade) steel
reinforcing bars would be inadequate because of their relatively small
ductility. One supposed that the greater unit volume energy absorbing
capacity of structural grade steel would be reflected in a higher
toughness of the reinforced concrete beam. Mavis and Greaves(7 ),

hovever, demonstrated that whether one used structural grade or hard

grade steel, the maximum steel strain at fracture was always less than

ten per cent as a result of failure of the concrete in the compression

zone. In other words, the weak link is the concrete-~-and the higher

energy absorbing capacity of the structural grade steel is never realized.

The lesson learned from the data obtained to date in this study,
however, is that the compression zone in beams made with steel fiber
reinforced concrete develops its full compression load-carrying capacity
and continues to remain intact through large angular deflections. Indeed,
the behavior is very much like that of a plastig material. This ability
to carry full compression through large angular beam distortion means
that the ductility of the reinforcing rod is once more an item of extreme
importance. In féct, the energy absorbing capacity of the steel reinfore-
ing rod will be reflected in the ability of the entire beam to absord
energy.

Furthermore, one is now in the position to investigate the feasibility
of using high strength steel rods or prestressing tendons as reinforcement.
In conventional corcrete design, the use of such steels is redundant because
the high strains reguired to develop the strength of the steel could not

be realized because cof the brittleness of the compression zone.
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CONCLUSIONS

Impulsive loading of the magnitude used in these tests does not cause
sudden failure ir the fiber reinforced beams such as the sudden failure
observed in piain bYeams.

The internal resisting moment is significantly greater in the fiber
beams and, therefore, permits the team to absord more energy. The
beams retain their structural integrity and carry considerable residusal
load through a relatively large angular distortion.

In the event that the fiber concrete does fail in compression, the
failure is not sudden but is preceded by extensive deformation.

The increased tensile strengtl of the concrete permite the use of fibver

concrete without special shear reinforcement.
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FIBER REINFORCED BEAM 25F AFTER STATIC TEST
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TABLE 1
Summary of Beam Dats

Tensile Shear
Beam | Reinforcement { Reinforcement
15PS #5 #3 8 2" )
15FS #5 #3 @ 6"
25PS #5 #3 8 2"
25F #5 None
16PS #6 #3 @ 2"
16Fs #6 #3 8 6"
26PS #6 _#382"
26FS #6 #3 @ 6" > Dynamic
36PS #6 #3 € 2"

| 36F 46 None
LTPS | 1 #3 8 2"
17F #7 None
27PS A ¥#3 8 2"

| 27FS #T #3.8 6" 4
SoP ¥5 #3 8 2"

'| S5F #5 #3 @ 6" |
S6P £6 #3827 » Static only
S6F #6 73 8 6"
3TP Ll §2 8 2"

STF 41 #3 86" .

Ream Designations

All beams tested gxgamicalll are designated with four symbolis: ABCD
A - Test number {lst, 2nd or 3rd)
B - Size of tensile reinforcement
¢ - Type of conurete, Plain (P) or fiber (F)
D - Indicatea if stirrups are present
i.e., 25FS = second test of beam reinforced with a #5 bar having fiber
concrete and stirrups

All beams tested statically have a 3 symbol designation: ABC
i.e., S5P = static, size of teansile reinforcement, plain concrete
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TABLE II

Residual Loads After Dynamic Test

Total Residual

Beam Load (kips) |

25F 4, 90"
_15F §.41

26F5 10,10

36F 10,90

17F 11.90
| 15Ps 0

2595 0

3GPS 0

27Ps 0

o s e 2T
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Work Done on Plain and Fiber

TABLE III

Reinforced Specimens

> Dynamic-static

Work Done

Beam on Beam in-kips
25F 39.6
15FS 27.0
26FS 43.8

36F 48.0

17F 60.8
15PS 14.6
25P8 22.6
36Ps 18.0
27PS 24,0

SS5F 35.0
S6F 62.0

STF 46.0

S5P 13.4

SEP 11.2

STP 9.8

?Static only

15.




76.

TABLE IV

Energy Absorbed by Plain and

Fiber Reinforced Specimens

Beanm Energy Absorbed

25F 36.6 0k |

36F 47.8 Tested
177 71.2 % Dynemic-Static
26PS 23.h

36PS 14.9 <

S5F 25.8

S6F 2h.2 Static only
STF 37.8 }

S5P 3.83

S6P 3.h7

sTP 9.43 }
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TABLE V
Final Deflections for Dynamic Testis
Deflection {inches)
in [With Diagonal Without Diagonal
Reinforcement |Beam {Tension Reinforcement Tension Reinforcemegg
15FS 2.05
#5
25F 2.53
2€FS 1.0
#6
36F 1.35

Note: Data for #7 bars was not obtained.
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SUMMARY

Thiz study investiegates the effects of destructive impulsive

loads on concrete made with steel fiber 1cinforcement. A machine
was developed to apply a known impulsive load to concreti heam
specimens, Scveral pairs of specimens were compared. Each pair
was identical in geometry and longitudinal steel reinforcement
with one caception---one beam of each pnir was concrete reinfor-
ced with steel fibers and the other of plain concrete. The data
were presented in the form of graphs showing the variation of
load, time deflection, moment and rotation.

Analysis of the data, incliuding high-speed mctica pictures

of the beams, has led to the following conclusions:

1. The impulsive loading dors not cause the sudden failure

in the beams with fiber reinforced cencrete that is

observed in the cese of conventional concrete beams.

Figure 38 shows a t:'picnl load-deflection disgram for a

beam with steel fiber reinforced concrete.

2. The internal resisting moment is significantly greater

in the case of beams made with fiber reinforced concreie.

This effect permits the beam to absorb more cnerzy and
retain its structural integrity while carrying consid-

erable residual loads through reletively larrc angulsr

distortions. Refer to Fipgs. 9 and 10 for an illustration

of the Lypical behavior of such beams during a test.

i~
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Failurc of the compressive zone in beams with fiber
reinforced ccacrete is not sudden but is preceded by
extensive deformation.

The increased tensile strength of fiber reinforced
concrete yvermits its use without special shear re-
inforcement. The beams with fiber reinforced concrete
that were not dectrcyed during the dynamic tests were
tested to destructicn in subsequent static vend tests,
These {ests indicated that significant tensile strains
in the steel reinforcing bars could be realized in the
beams with fiber reinforced concrete because the compres-
sive concrete zone remained intact throughout a greater
range of deformation. In some cases, tensile steel
stresses reached the ultimate value. Refer to Figs. 38,

L8, and 49,
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